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NEUROSURGERY

Electrocorticographic Frequency Alteration Mapping
for Extraoperative Localization of Speech Cortex

OBJECTIVE: Electrocortical stimulation (ECS) has long been established for delineating
eloquent cortex in extraoperative mapping. However, ECS is still coarse and inefficient in
delineating regions of functional cortex and can be hampered by afterdischarges. Given
these constraints, an adjunct approach to defining motor cortex is the use of electrocor-
ticographic (ECoG) signal changes associated with active regions of cortex. The broad
range of frequency oscillations are categorized into 2 main groups with respect to senso-
rimotor cortex: low-frequency bands (LFBs) and high-frequency bands (HFBs). The LFBs
tend to show a power reduction, whereas the HFBs show power increases with cortical
activation. These power changes associated with activated cortex could potentially provide
a powerful tool in delineating areas of speech cortex. We explore ECoG signal alterations
as they occur with activated region of speech cortex and its potential in clinical brain map-
ping applications.

METHODS: We evaluated 7 patients who underwent invasive monitoring for seizure local-
ization. Each had extraoperative ECS mapping to identify speech cortex. Additionally, all
subjects performed overt speech tasks with an auditory or a visual cue to identify associated
frequency power changes in regard to location and degree of concordance with ECS results.

RESULTS: Electrocorticographic frequency alteration mapping (EFAM) had an 83.9% sen-
sitivity and a 40.4% specificity in identifying any language site when considering both fre-
quency bands and both stimulus cues. Electrocorticographic frequency alteration mapping
was more sensitive in identifying the Wernicke area (100%) than the Broca area (72.2%).
The HFB is uniquely suited to identifying the Wernicke area, whereas a combination of the
HFB and LFB is important for Broca localization.

CONCLUSION: The concordance between stimulation and spectral power changes demon-
strates the possible utility of EFAM as an adjunct method to improve the efficiency and
resolution of identifying speech cortex.
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he practice of mapping eloquent cortex in
the extraoperative setting before resection
in neurologic surgeries has been important
in reducing the risk of morbidity after surgery.!-
3 This is particularly true in surgical resection for
the treatment of medically intractable epilepsy
where patients require placement of subdural
arrays for seizure localization.!? Because of the
interindividual variability in the anatomical loca-

ABBREVIATIONS: ECoG, electrocorticography; ECS,
electrocortical stimulation; EEG, electroencephalog-
raphy; EFAM, electrocorticographic frequency alter-
ation mapping; HFB, high-frequency band; LFB,
low-frequency band

tion of language areas, the mapping of these speech
areas is especially critical.»* Electrocortical stim-
ulation (ECS) is the current “gold standard” for
clinical mapping. This methodology, however,
has several important limitations. Electrocortical
stimulation mapping can be hampered by the
induction of afterdischarges that can induce
seizures and introduce a source of error in map-
ping. Blume et al® reported that 71% of patients
experienced afterdischarges during ECS map-
ping. The study also demonstrated that 65% of
afterdischarges involved more than 1 electrode,
which could potentially interfere with accurate
mapping.® Additionally, ECS can be associated
with pain on stimulation, which may further hin-
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der effective localization.”® Although effective in identifying
important regions of functional cortex, ECS is relatively ineffi-
cient: sites must be interrogated in series (ie, pairs of electrodes
are sequentially stimulated while patients perform various tasks),
resulting in a prolonged screening process. For these reasons, it is
desirable to improve the efficiency and accuracy of cortical map-
ping by supplementing ECS with another method of mapping.
An alternate method would be important in cases in which pain
or afterdischarges prohibit ECS mapping altogether. One possi-
bility is the use of passively recorded cortical changes in activity
associated with a given cognitive task, a method known as electro-
corticographic frequency alteration mapping (EFAM).”

Electrocorticography (ECoG) records electrical activity gener-
ated by the brain from subdural electrodes placed directly on the
cortical surface. These electrode arrays are typically implanted for
the dual purpose of localizing seizure activity and for extraoper-
ative cortical stimulation mapping of functional regions. Like
electroencephalography (EEG), which records electrical activity from
the scalp, ECoG records oscillations in the mu (8-12 Hz) and
beta (18-26 Hz) frequency bands. These bands have been shown
to decrease in amplitude in relation to various cognitive tasks.”!3
The lower-frequency mu and beta bands are thought to represent
activity from thalamocortical circuits, which may be suppressed
during cortical activation. In addition, unlike EEG recordings,
ECoG recordings include task-related signals in the higher gamma
frequency range (> 30 Hz). These high frequencies show an increase
in amplitude in association with numerous motor, language, and
cognitive tasks.”1 11416 Gamma changes are thought to represent
the cortical activity from smaller cortical assemblies of neurons
involved in task performance.'®!” Both low- and high-frequency
amplitude changes have been shown to localize topographically
over areas of active cortex.®%11:14.15

Electrocorticography has been used to study the cortical phys-
iology of motor and language function by multiple investiga-
tors.®* 1114 Crone et al'! showed mu and beta rhythms to have a
reduced amplitude (termed event-related desynchronization) and
gamma rhythms to have an increased amplitude with voluntary
movement (termed event-related synchronization). Crone et al'!
found changes associated with gamma activity to have a more
localized topographic pattern and concluded that these rhythms
were potentially more useful for mapping. In addition, the cor-
tical area over which gamma changes occurred corresponded bet-
ter to traditional somatotopic locations of motor cortex and ECS
maps. Crone et al'® performed a similar analysis with speech and
again found broad suppression of the lower frequencies and a
more focal augmentation of the higher-frequency gamma rhythms.

Recent studies have attempted to further define the udility of these
cortical frequency alterations (ie, EFAM) in mapping eloquent
areas of cortex. Leuthardt et al'> compared motor cortical activa-
tion maps generated by EFAM analysis with ECS mapping of the
same motor areas. Sites associated with high-frequency changes
were found to be more specific, whereas sites associated with low-
frequency changes were found to be more sensitive in identifying
functional motor cortex defined by ECS. These more passive tech-
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niques of identifying functional cortex have also been extended
to localization of speech. Because language is more complex than
movement and requires the coordinated activity of multiple cor-
tical areas, several experimental paradigms have been explored.
Based on the initial findings of Crone et al of a more discrete
gamma augmentation with auditory perception, later studies of
ECoG mapping of language areas focused solely on gamma event-
related synchronization. The first of these investigated the pat-
tern of gamma activation during various language tasks—picture
naming, word reading, and word repetition—with both spoken and
signed output, in a patient fluent in both spoken and sign lan-
guage.'® In this study, an overlap between ECoG- and ECS-
identified areas of activation was noted. A later study focused on
the potential use of ECoG for mapping during a picture-naming
task in multiple subjects.® When compared with ECS, gamma
activations were found to have low sensitivity and high specificity
for identifying sites associated with stimulation-induced language
disruption. However, a recent study of auditory language in chil-
dren showed the opposite effect: that gamma activation occurred
over a larger area of cortex than that identified by ECS.'4

In the current study, the utility of EFAM for identification of
language sites was investigated. Previously mentioned studies and
others'®1? indicate that different cortical areas are activated when
different language modalities are used. Additionally, passive map-
ping has focused primarily on gamma rhythms as the signal impor-
tant for mapping. Thus far, the modality and frequency bands
have not been studied together to assess what provides the best
or most useful information for localization. The goal of this work
was to identify the role different language modalities and differ-
ent frequency rhythms play in identifying cortical regions involved
with speech. To do this, the sensitivity and specificity of EFAM to
identify sites localized with cortical stimulation were defined gen-
erally, according to whether they were receptive or expressive
speech sites, which stimulus was provided, and by what frequency
band (low or high) best identified a given speech site. Generally,
we find both cue modality and frequency band play an impor-
tant role when attempting to identify either receptive or expres-
sive speech sites with stimulation. Taken together, these findings
support the use of EFAM with multimodal cues as a safe and effi-
cient supplement to electrocortical stimulation for the purposes
of extraoperative functional localization of speech.

PATIENTS AND METHODS

To test the efficacy of the EFAM approach for speech localization, we
evaluated 7 patients with medically intractable epilepsy in whom sub-
dural grid electrodes were placed for the purpose of extraoperative ECoG
recording for seizure localization. The grid electrodes were also used for
extraoperative electrocortical stimulation mapping of language areas. In
addition, ECoG recordings were obtained while subjects performed overt
speech tasks cued with either auditory or visual stimuli. Electrocorticographic
recordings were analyzed to determine the location of significant ampli-
tude changes in both low- and high-frequency bands during the speech
tasks. The results of these analyses were then compared with the results
of electrical stimulation mapping.
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Patients

Study participants were 7 patients (5 male and 2 female) who under-
went surgical resection for the treatment of intractable epilepsy at Washington
University in St. Louis. Patients were aged 14 to 58 years, and all had cog-
nitive capacity in the normal range. Grids were placed on the left hemi-
sphere and covered putative language areas (Table 1). Recording lasted 3
to 11 days, and all experiments and electrical stimulation mapping occurred
extraoperatively using these grids. The study was approved by the Human
Research Protection Office at Washington University in St. Louis.

Experimental Setup

Patients were seated 75 to 100 cm away from a standard flat-screen
monitor on which visual stimuli were presented and wore earplug head-
phones for auditory stimuli. Visual and auditory cues were presented using
the BCI2000 program.?® BCI2000 is a general-purpose system for data acqui-
sition, stimulus presentation, and brain monitoring. In the context of
brain mapping, it supports programmable presentation of auditory/visual
stimuli and simultaneous ECoG signal recordings. BCI2000 associates
the timing of these stimuli with the recorded ECoG signals, which facil-
itates offline analyses. The signal from the patient’s subdural electrode
grid array was split via a custom Ad-Tech (Racine, Wisconsin) cable that
sent signals to both the clinical network for epilepsy monitoring and a
separate U.S. Food and Drug Administration—approved amplifier/digitizer
system (g.tec Guger Technologies, Graz, Austria) that was connected to an
acquisition computer running BCI2000. Electrodes were referenced to
an inactive intracranial electrode, amplified, band-pass filtered (0.15-500
Hz), digitized at 1200 Hz, and stored. Electrode grids consisted of 64 cir-
cular platinum electrodes 4 mm in diameter, with 2.3 mm exposed, and
spaced 10 mm apart from center to center. Electrodes were arranged in
an 8 x 8 grid and embedded in silastic sheets 80 x 80 mm in size, manu-
factured by Ad-Tech. We recorded from all 64 grid electrodes in 6 of 7

patients and from a subset of 16 electrodes in the remaining patient.

Stimuli

In the experimental paradigm, subjects received 1 of 2 types of verbal
stimuli: auditory and visual. The subjects performed 2 sessions of simple

TABLE 1. Clinical summary of patients involved in the study
Patient Age Cognitive Grid Seizure
No.  (y)/Sex Capacity Location Focus
1 44/F L Normal L frontal temp- L temporal
oral parietal
2 15/F R Normal L frontal L temporal
temporal
3 14/M R Normal® L frontal L frontal
parietal
4 43/M R Normal L frontal L orbitofrontal
temporal
5 48/F L Normal L frontal temp- L temporal
oral parietal
6 58/F R Normal L frontal L frontal
7 49/F Normal L frontal temp- L temporal
oral parietal

“Nonverbal learning disorder.

NEUROSURGERY
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verbal tasks. The first session was a visual session, in which the subject
saw a word presented on the screen and was instructed to speak the word.
The second task was the auditory session, in which the subject heard the
word and was instructed to repeat it. Each session consisted of 4 phone-
mic classes of words (ee, eh, ah, and 00) that were consonant matched
(eg, heed, head, had, hood). Each session consisted of 3 to 6 runs (3 min
each) with a 1-minute break in between. Each run consisted of 36 words,
which were randomly presented for 4 seconds. The total time for both ses-
sions was 24 to 48 minutes, depending on the patient’s willingness to
participate.

Analysis

Electrocorticographic data from each 4-second trial were analyzed.
First, we excluded channels that did not obviously contain ECoG activ-
ity, such as those containing artifacts because of broken connections.
Then, the signal from each remaining channel was referenced to the sig-
nal mean from all channels. Subsequently, for each 500-millisecond time
period (overlapping by 250 milliseconds), we converted the time series
ECoG data into the frequency domain with an autoregressive model?! of
order 25. Using this model, we calculated spectral amplitudes between 0
and 200 Hz in 1-Hz bins. We averaged these spectral amplitudes in par-
ticular frequency ranges as follows:

1) 8 to 32 Hz (low-frequency band [LFB]): This range covers the classic
mu/beta band associated with movements and other tasks.

2) 75 to 100 Hz (high-frequency band [HFB]): This particular interval
was chosen because it lies within the broad gamma band frequency
power increase and was distant from possible contamination from line
noise (at 60 Hz and its first harmonic, ie, 120 Hz).

For each electrode, we compared the distribution of amplitudes in the
HFB and LFB bands for each stimulus modality (auditory and visual)
versus the corresponding distribution during rest intervals. To do this, we
calculated the coefficient of determination, or #* value, of the amplitude
change with the given speech task when compared against rest. The 7
indicates how much variance in the amplitudes corresponds to a given
condition. Thus, if the amplitude increased in the HFB every time the
speech task was performed, the coefficient of determination would be 1
(= 1). If the amplitude increased only some of the time the speech task
was performed, the coefficient of determination (+?) would be reduced
but larger than 0. Therefore, the 7* value associated with each electrode and
LFB/HFB frequency band was always positive. Separately, a P value was
also calculated using a balanced, 1-way analysis of variance with these
same HFB and LFB power alterations. Only electrodes with changes with
a P value less than .05 were considered significant and used for further
analysis for localization and visualization of signal change and comparison
with ECS-identified electrodes.

Anatomical Localization of Signal Change

X-rays were used to identify the stereotactic coordinates of each grid
electrode,?* and cortical areas were defined using Zalairachs Co-Planar
Stereotaxic Atlas of the Human Brain®® and a Talairach transformation
database.? We obtained a template 3-dimensional cortical brain model
from the AFNI SUMA Web site.?> Stereotactically defined electrode loca-
tions were then mapped to this template brain model. Next, we created
7% activation plots for each stimulus modality and both the HFB and
LFB for each patient using a customized MatLab (The MathWorks, Inc,
Natick, Massachusetts) program. For each plot, only electrodes with a P
value of less than .05 were considered. The resulting map showed the
activation at each point on the brain model for the condition and fre-
quency band analyzed. For comparison, language-related electrodes iden-
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tified by electrical stimulation mapping were shown on the same plots
using the stereotactically defined electrode locations described previously.

Electrocortical Stimulation Mapping

All patients underwent extraoperative electrocortical stimulation to
identify areas of eloquent cortex, including language areas. This procedure
was separate from the experiments reported previously and was performed
solely for clinical purposes. Stimulation at 40 Hz with a pulse width of
500 microseconds was passed through paired electrodes for 2 seconds.
Current was progressively increased from 1 mA up to 10 mA, or until
afterdischarge threshold was reached, while the patients performed dif-
ferent language tasks. An electrode was considered positive for language
if a language error occurred during stimulation. Electrocortical stimula-
tion—positive electrodes were highlighted on the maps described previously.

Comparison of ECS and EFAM Maps

For each individual subject, electrodes that were positive for speech
during ECS mapping were identified and compared with electrodes that
showed a significant (P < .05) change in power during ECoG recording
while the subject performed language tasks. Expressive (Broca) and recep-
tive (Wernicke) speech areas were analyzed both separately and together.
Tasks performed with auditory and visual inputs were analyzed both sep-
arately and together. Finally, significant electrodes identified in the LFB
and HFB were also analyzed both separately and together.

For each of these analyses, a sensitivity and specificity analysis was
performed to evaluate the ability of EFAM to predict ECS-positive lan-
guage sites (the true-positive sites). The sensitivity was calculated as the
number of true positives (both EFAM- and ECS-positive electrodes)
divided by the total number of ECS-positive electrodes (including both
true positives and false negatives—ECS-positive electrodes that EFAM
did not identify). The specificity was calculated as the number of true
negatives (both EFAM- and ECS-negative electrodes) divided by the
total number of ECS-negative electrodes (including both true negatives
and false positives—ECS-negative electrodes that EFAM incorrectly
identified). An example is shown below (see Table 2 for determining
sensitivity and specificity):

Low-frequency band sensitivity and specificity for Broca area visual
condition:

Sensitivity = 6/(6 + 12) = 0.333 = 33.3%

Specificity = 204/(52 + 204) = 0.797 = 79.7%

A y? analysis was performed to assess the statistical probability of reject-
ing the null hypothesis of independence of ECS- and EFAM-generated
maps of language areas. In a previous study of the usefulness of EFAM in
mapping motor cortex, electrodes were assessed both individually and
in nonoverlapping pairs.” We chose to forgo the pairs analysis in this

TABLE 2. Determination of sensitivity and specificity”
True + True
Test + A B
Test C D
ECS + ECS
LFB + 6 52

@ ECS, electrocortical stimulation; LFB, low-frequency band.
Sensitivity = A/A + C; specificity = D/B + D
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study because not all study patients underwent ECS mapping using
nonoverlapping pairs.

In our final method of analysis, EFAM and ECS mapping were com-
pared by projecting the results of both methods onto a standardized brain
model. This allowed us to qualitatively compare the location and distri-
bution of the language-associated electrodes identified by EFAM and
ECS. Additionally, this method enabled us to inspect the degree of con-

sistency in power change associated with each electrode for each task.

RESULTS

We correlated the results of ECS and EFAM mapping in sev-
eral ways. To determine whether different input modalities acti-
vate different language areas, we assessed the results of the 2
conditions, auditory and visual stimulus presentation, both sepa-
rately and together. For each condition, we analyzed Broca (expres-
sive speech) and Wernicke (receptive speech) areas individually
and collectively. Of the 7 patients in this study, 6 subjects had ECS-
positive electrodes for expressive speech, and 4 subjects had ECS-
positive electrodes for receptive speech. Each correlation considered
the EFAM data from the LFB, HFB, and both LFB and HFB taken
together (EFAM positive). Electrodes were considered to be EFAM
positive if they demonstrated significant signal alteration in the
LFB, HFB, or both. The absolute number of electrodes studied, their
functional responses, and the sensitivity and specificity of the
EFAM method are summarized in Tables 3 and 4.

When we calculated the sensitivity and specificity of EFAM
compared with ECS mapping of language areas in the auditory
condition, LFB was 44.4% sensitive and 67.2% specific for iden-
tifying the Broca area, 23.1% sensitive and 89.4% specific for
identifying the Wernicke area, and 35.5% sensitive and 74.0%
specific for identifying either the Broca or the Wernicke area; HFB
was 44.4% sensitive and 66.0% specific for the Broca area, 61.5%
sensitive and 75.2% specific for the Wernicke area, and 51.6%
sensitive and 68.8% specific for the Broca or Wernicke area. In
the visual condition, LFB was 33.3% sensitive and 79.7% spe-
cific for the Broca area, 38.5% sensitive and 87.6% specific for
the Wernicke area, and 35.5% sensitive and 82.1% specific for
the Broca or Wernicke area; HFB was 27.8% sensitive and 75.4%
specific for the Broca area, 84.6% sensitive and 82.3% specific
for The Wernicke area, and 51.6% sensitive and 77.5% specific for
the Broca or Wernicke area.

When considering both the auditory and visual conditions
together, LFB was 55.6% sensitive and 57.8% specific for the Broca
area, 38.5% sensitive and 79.6% specific for the Wernicke area,
and 48.4% sensitive and 64.5% specific for the Broca or Wernicke
area; HFB was 50% sensitive and 57.4% specific for the Broca area,
100% sensitive and 65.5% specific for the Wernicke area, and 71%
sensitive and 59.9% specific for the Broca or Wernicke area.

Assessing the correlation of EFAM-positive sites (electrodes
with significant LFB or HFB signal alteration or both) compared
with ECS-positive sites generally resulted in a higher sensitivity
and lower specificity than the same calculations using either the
LEB or the HFB alone. In the auditory condition, EFAM-positive
sites were 66.7% sensitive and 46.5% specific for the Broca area,

www.neurosurgery-online.com
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TABLE 3. Electrode summary“
Stimulus
Electrode Summary Auditory Visual

Total number of electrodes 400 400
Electrodes with significant LFB power change during speech 107 77
Electrodes with significant HFB power change during speech 131 99
Electrodes with either significant LFB or HFB power change during speech (EFAM+) 192 143
Electrodes producing speech response with stimulation 31 31
Electrodes with significant LFB power change and speech response with stimulation 1 1
Electrodes with significant HFB power change and speech response with stimulation 16 16
Electrodes with either significant LFB or HFB power change and speech response with stimulation 21 19

“ LFB, low-frequency band; HFB, high-frequency band; EFAM, electrocorticographic frequency alteration mapping. Compilation of data involving speech localization with elec-
trocortical stimulation-associated speech findings and significant LFB and HFB power change (P <.05). The numbers given are summed across all patients.

TABLE 4. Summary of statistical analysis®
Broca Area Wernicke Area Broca and Wernicke Areas
Stimulus
Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
Auditory
LFB 444 67.2 23.1 89.4 355 74.0
HFB 444 66.0 61.5 75.2 51.6 68.8
EFAM+ 66.7 46.5 69.2 69.9 67.7 53.7
Visual
LFB 333 79.7 38.5 87.6 355 82.1
HFB 27.8 754 84.6 823 51.6 77.5
EFAM+ 444 63.7 84.6 72.6 61.3 66.4
Auditory and visual
LFB 55.6 57.8 38.5 79.6 48.4 64.5
HFB 50.0 57.4 100.0 65.5 71.0 59.9
EFAM+ 72.2 34.0 100.0 56.6 83.9 40.4

9 LFB, low-frequency band; HFB, high-frequency band; EFAM, electrocorticographic frequency alteration mapping. Summary of the LFBs, HFBs, and LFB and/or HFB (EFAM+) sig-
nal alteration in detecting electrocortical stimulation-positive electrodes for induced speech errors or arrest. Data are percentages.

69.2% sensitive and 69.9% specific for the Wernicke area, and
67.7% sensitive and 53.7% specific for the Broca or Wernicke
area. In the visual condition, EFAM-positive sites were 44.4%
sensitive and 63.7% specific for the Broca area, 84.6% sensitive
and 72.6% specific for the Wernicke area, and 61.3% sensitive
and 66.4% specific for the Broca or Wernicke area. When EFAM-
positive sites in both the auditory and the visual condition were
compared with ECS-positive sites, sensitivity was 72.2% and
specificity was 34% for identifying the Broca area; for the Wernicke
area, sensitivity was 100% and specificity was 56.6%; and for the
Broca or Wernicke area, sensitivity was 83.9% and specificity was
40.4% (Table 4).

The %2 test was used to determine whether the distribution of
electrodes identified by EFAM mapping significantly overlapped

NEUROSURGERY

with the corresponding electrodes from ECS mapping. Statistically
significant overlap at the P < .05 level was found for the Wernicke
area during auditory stimulation when HFB was considered alone
or together with LFB, during visual stimulation in all frequency
band categories (LFB, HFB, and LFB and HFB combined), and
in the combined auditory and visual conditions when HFB was
considered alone or together with LFB. When both the Broca and
Wernicke areas were considered, statistically significant overlap was
found during the auditory stimulation when HFB was considered
alone or together with LFB, during visual stimulation, in all
frequency band categories, and in the combined auditory and visual
conditions when HFB was considered alone or together with LEB.

Figures 1 through 4 demonstrate for each subject the grid elec-
trodes and the regions of cortex identified on the template brain

VOLUME 66 | NUMBER 2 | FEBRUARY 2010 | E408
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ECS/ LFB - Auditory Stimulation

ECS/ HFB -Auditory Stimulation

O Electrode

Electrode with ECS
speech response

Frequency Power
Depression

Frequency Power
Increase

FIGURE 1. Comparison of stimulation mapping and low-frequency band (LFB)

power alteration for auditory cued speech task. The figure shows, for patients 1

to 7, the grid electrodes and the regions of cortex identified on the template brain

which demonstrate significant LFB power alteration in context to the electrodes

that induced speech errors/arrest with electrocortical stimulation (ECS). The val-

ues are normalized to maximum increase or decrease, such that an activation of
0 is ahways gray, with maximum increase as red, and maximum decrease as blue,

scaled to whatever the highest absolute value in the activation map is. Maps that
appear purely gray had no significant change with the stated motor modality.

Electrode locations are shown as white dots. Electrodes where clinical stimula-

tion produced a speech effect of the type being mapped are shown with green tri-

angles. In general, auditory cued speech induced cortical power changes in the
LFB which correlated with regions identified with ECS more notably in the
Sfrontal lobe. Patient 3 did not show sites detectable with ECS.

that demonstrate significant power alteration with respect to the
LEB or the HFB in context to either auditory or visual stimuli.
In general, both visual and auditory stimuli for speech induced
power changes in the LFB and HFB. The cortical topographical
distribution for the significant LFB and HEB power changes were
both focal, but tended to be anatomically distinct. Low-frequency
band changes tended to be more localized to the frontal lobe,
whereas HFB changes tended to be more localized to the tem-
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O Electrode

Electrode with ECS
speech response

Frequency Power
Depression

Frequency Power
Increase

FIGURE 2. Comparison of stimulation mapping and high-frequency band
(HFB) power alteration for auditory cued speech task. The figure shows, for
patients 1 to 7, the grid electrodes and the regions of cortex identified on the
template brain which demonstrate significant HFB power alteration in con-
text to the electrodes that induced speech errors/arrest with electrocortical stim-
ulation (ECS). In general, auditory cued speech induced a more focal region
of cortical power increase in the HFB which correlated more closely with
regions identified with ECS. Patient 3 did not show sites detectable with ECS.

poral lobe. Additionally, the cortical distribution of the power
change in both frequency bands was different between the stim-
ulation modalities.

DISCUSSION

The results of this study demonstrate the technical feasibility of
EFAM and show it can potentially be used as an adjunct to iden-
tify language cortex. To summarize, in comparison with ECS, the
gold standard for cortical mapping, EFAM had an 83.9% sensi-
tivity and a 40.4% specificity in identifying any language site,
when both frequency bands (LFB + HFB) and both stimulus cues
(auditory and visual) were considered. In general, EFAM tended

www.neurosurgery-online.com
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ECS/ LFB - Visual Stimulation

ECS/ HFB - Visual Stimulation

O Electrode

Electrode with ECS
speech response

Frequency Power
Depression

Frequency Power
Increase

FIGURE 3. Comparison of stimulation mapping and low-frequency band
(LEB) power alteration for visual cued speech task. The figure shows, for
patients 1 to 7, the grid electrodes and the regions of cortex identified on the
template brain which demonstrate significant LFB power alteration in con-
text to the electrodes that induced speech error/arrest with electrocortical stim-
ulation (ECS). In general, visually cued speech induced cortical power changes
in the LFB predominately in the frontal lobe. Patient 3 did not show sites
detectable with ECS.

to be more sensitive in identifying the Wernicke area (100%) than
the Broca area (72.2%). The cumulative findings demonstrate the
HFB is uniquely suited to identifying the Wernicke area, whereas
a combination of the HFB and LFB is important for optimizing
Broca localization. Additionally, the use of multiple sensory cues
(ie, visual and auditory) further enhances sensitivity in identify-
ing functional sites.

Substantial attention has been given to understanding how elec-
trical signals, such as EEG and ECoG, correlate to cognitive func-
tions. These experimental approaches have led to our current
understanding of how cortical oscillations change when cortex
becomes active and engaged in a task. There are several named
frequency bands that show consistent changes. Commonly, these
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FIGURE 4. Comparison of stimulation mapping and high-frequency band
(HFB) power alteration for visual cued speech task. The figure shows, for
patients 1 to 7, the grid electrodes and the regions of cortex identified on the
template brain which demonstrate significant HFB power alteration in con-
text to the electrodes that induced speech error/arrest with electrocortical stim-
ulation (ECS). Patient 3 did not show sites detectable with ECS.

have been described in context of sensorimotor cortical activa-
tion. The notable frequencies comprise mu (8-12 Hz), beta (18-
26 Hz), and gamma (> 30 Hz) oscillation.!'"!3 As mentioned
earlier, the lower frequencies of mu and beta are thought to be
produced by thalamocortical circuits, which decrease in ampli-
tude in association with actual or imagined movements.'*'® In
general, these lower-frequency bands tend to have a wider corti-
cal distribution. Higher frequencies (> 30 Hz), or gamma rhythms,
are thought to be produced by smaller cortical circuits.?® These
frequencies increase in amplitude with cortical activation and tend
to have a more cortically focal anatomical distribution for signal
change. On a functional level, several studies have revealed that
higher frequencies carry highly specific information about corti-
cal processing in regard to speech, motor movements, and motor
intention.”-11:14-16
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In the context of language processing, these high- and low-
frequency phenomena show distinct changes with regard to
Wernicke and Broca regions. This differential cortical activation,
as evidenced by the variable sensitivity and specificity of HFB
and LFB in identifying Broca and Wernicke sites, supports the con-
cept that separable cortical networks are participating in recep-
tive and expressive speech and thus require separate consideration
for mapping. The LFB and HFB were differentially useful for
the identification of expressive and receptive language cortex.
The HFB was much more sensitive (100%) than the LFB in iden-
tifying the Wernicke area (38.5%). The HFB, however, was less
sensitive than the LFB in identifying the Broca area (50% and
55.6%, respectively), and it is only when combined that a higher
sensitivity is achieved (77.2%). This finding may be explained
by the different origins postulated for LFB and HFB activity.
The LFB, which encompasses the mu and beta frequency bands,
has been closely associated with processing of motor movements
and motor imagery.'*'3 As mentioned earlier, these rhythms are
thought to represent thalamocortical circuits, which have broad
cortical projections. Given that the Broca region is associated
with the expression of speech and its motor articulation, the low-
frequency sensitivity may represent the increased motor compo-
nent in processing speech. The HFB encompasses what are
classically known as gamma rhythms. These higher-frequency
rhythms have been shown to be more closely associated with
smaller neuronal ensembles in cortex.!2¢ Because the reception
of speech primarily involves the cortical integration of visual,
acoustic, phonologic, and semantic information, this may explain
the more prominent role of higher frequencies associated with
the identification of the Wernicke areas relative to the Broca
area.'®2” Thus, the high sensitivity and specificity of the HFB
for the Wernicke area and the finding that LFB has a better sen-
sitivity and specificity than the HFB in identifying the Broca
area suggest that both frequency bands are necessary for ECoG
mapping of language areas.

Our finding that ECoG mapping of language sites is highly
sensitive and less specific is distinct from previous findings by
Sinai et al® The similarities and differences in the mapping method-
ology underline some key elements to using active cortical signals
for functional localization. Sinai et al'” reported low sensitivity
but high specificity (38% and 78%, respectively) in their study
of mapping during a picture-naming task. These experimenters
included only high-frequency gamma oscillations in their analy-
sis, and their experimental task, picture naming, differed from
both our auditory and visual (word repetition) tasks. In our study,
results were similar when sensitivity and specificity for a visual
stimulus using high frequencies were analyzed in isolation (51.6%
and 77.5%, respectively). Our results differed when visual and
auditory stimulus cues were combined. Sensitivity for identify-
ing a speech site increased substantially to 71%. When low fre-
quencies were also incorporated, the sensitivity was further increased
to 83.9%. The specificity, however, was decreased with the inclu-
sion of auditory stimuli and the LFB, to 59.9% and 40.4%, respec-
tively. A qualitative inspection of the brain activation maps revealed
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that auditory and visual modalities activated different areas of the
brain. This suggests that there are multiple neural networks involved
in receptive and expressive language, each of which may be acti-
vated under different circumstances. This underscores the fact
different cortical networks are likely participating in language pro-
cessing and require multiple language modalities to optimally
identify and preserve them.

A comparison of our results with those of a different study, an
investigation of the use of EFAM for motor mapping (using the
same methods), highlights the differences in cortical processing of lan-
guage and motor tasks.? Electrocorticographic frequency alteration
mapping for motor mapping was reported to have a sensitivity of
100% for both tongue and hand movements, a specificity of 79%
for tongue movements, and a specificity of 74% for hand move-
ments. The sensitivity and specificity for EFAM was somewhat
reduced when speech tasks were compared against motor tasks (sen-
sitivity 100% versus 83.9%), and specificity of 74% versus 40.4%).
The greater sensitivity and specificity of EFAM for identifying motor
over language sites may be explained by the different cortical and
cognitive organizations associated with the 2 functions. The execu-
tion of a motor movement is fundamentally associated with primary
motor cortex, which is locally organized in a columnar fashion (< 1
mm) and more broadly organized on a somatopic level with various
regions of the body (ie, the homunculus). Activations in this region
induced by motor activations are likely to have a relatively focal and
more robust change in cortical activity. Speech processing, however,
involves a broader network of cortex (ie, inferior frontal lobe and
posterior temporal lobe) with multiple levels of sensory and cogni-
tive integration (ie, acoustic, visual, phonologic, lexical, and seman-
tic).?” Thus, because of the multimodal nature of speech and the
distributed cortical networks involved in language, EFAM mapping
is likely to capture nonessential sites associated with, but not essen-
tial to, the language pathway. This is supported by our finding that
an EFAM analysis combining the auditory and visual modalities
increased sensitivity and reduced specificity. The 2 modalities acti-
vated different neural networks, enhancing detection of critical sites,
but reduced specificity because of more associated networks being con-
comitantly activated. Despite their differences, both the motor EFAM
study and our language study emphasize the importance of patients
performing multiple tasks to maximize the utility of EFAM map-
ping. In the case of motor mapping, patients should be asked to
move more than 1 body part, such as the tongue and hand, and in
the case of language mapping, patients should be presented with
stimuli of different modalities—auditory and visual—for optimal
localization with this technique.

The results of our study suggest that EFAM could be used as an
adjunct to ECS for mapping of language cortex in neurologic sur-
gery. The high sensitivity of EFAM for language sites suggests that
EFAM-positive sites could be used to identify high-probability
starting points for language mapping. The high sensitivity and
specificity of HEB in identifying the Wernicke area indicates that
sites of HFB cortical activation should be given highest priority.
Additionally, EFAM mapping may be helpful in situations where
ECS mapping is unhelpful or impossible, when ECS results are neg-
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ative or cannot be attained due to afterdischarges or pain on stim-
ulation. It is important to note, however, that postoperative mor-
bidity was not assessed in this series. Understanding how these
EFAM changes relate to surgical resection will require further
study in a larger number of patients where postsurgical outcomes
have been assessed and defined relative to resection of EFAM-
identified tissue.

Although this study points to many potential uses for EFAM
mapping of language cortex, there are certain limitations to the
method described. The purpose of this article was not to alter
the treatment of invasively monitored human subjects. The work
proposes a technique that could potentially be a useful tool to
the neurosurgeon or neurologist in identifying a functional cor-
tical site that is associated with speech. In the same light that
somatosensory evoked potentials provide supporting or clarify-
ing information where sensorimotor cortex may be for further
interrogation with stimulation, we show evidence that this tech-
nique could provide some clarifying information for the assess-
ment of speech. This is indeed a preliminary study intended to
demonstrate proof of principle that passive techniques for speech-
localizing aides are possible. Because the method requires, at
most, half the time to perform as cortical stimulation (24-48
minutes versus usually 2 hours for stimulation of entire grid
array), interrogates the entire grid at once (versus serial site inter-
rogation with stimulation), and does not pose any additional risk
of afterdischarges, there is indeed some potential for utility.
Although sufficient for a proof of principle in the technique,
further research must be conducted in a larger population of
patients with epilepsy to determine whether this method will
alter clinical and functional outcomes. Also of note, because cor-
tical mapping is critical in patients with tumors or arteriovenous
malformations, investigations into the use of EFAM mapping in
patients with grossly abnormal cortical tissue will be important.
Further investigation in a larger patient population will be required
to more definitively assess how these lesions may affect the ECoG
signal associated with language functions.

From a scientific standpoint, there are also some notable caveats.
Cortical activations across the HFB and LFB tended to be cen-
tered over the inferior and posterior frontal lobe and posterior
superior temporal lobe. The substantial involvement of primary
motor cortical areas support motor theories of speech process-
ing.?8-3% Activations in other areas posited to be involved in pro-
cessing speech, such as the anterior temporal lobe and parietal
regions, were less prominent.”” The EFAM method, however,
took the time of both cue perception and word articulation in a
single time block. This broad average may reduce the sensitivity
to detecting more subtle changes associated with the cognitive
task of speech processing and articulation. Further refinement of
this method (both from a mapping perspective and a neuroscien-
tific method) may include separating these different components
of perception and articulation.

In conclusion, our results indicate that EFAM is a safe and
potentially useful adjunct to ECS in mapping language cortex for
neurologic surgery. Electrocorticographic frequency alteration
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mapping may improve the efficiency of cortical mapping with
ECS, as well as provide an alternative method of mapping lan-
guage cortex when ECS is not a viable option. Further studies
will be required to define whether this technique will alter func-
tional outcomes in the future.
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